Recent reports have shown that upon expression of appropriate oncogenes, both stem cells and more differentiated progenitor populations can serve as leukemia-initiating cells. These studies suggest that oncogenic mutations subvert normal development and induce reacquisition of stem-like features. However, no study has described how specific mutations influence the ability of differentiating cell subsets to serve as leukemiainitiating cells and if varying such cellular origins confers a functional difference. 
Introduction
Studies of myeloid leukemia have demonstrated the presence of malignant stem cells, 1 which are thought to generate and perpetuate leukemic populations and have thus been termed "leukemia stem cells (LSCs)" or leukemia-initiating cells (L-ICs). Although the properties of L-ICs resemble normal stem cells in that self-renewal ability is retained, it is not clear that malignant stem cells necessarily arise from their normal counterparts. Indeed, recent data have demonstrated that not only multipotential hematopoietic stem cells (HSCs), but also committed progenitors can serve as L-ICs when engineered to express some but not all oncogenic mutations. [2] [3] [4] [5] These findings suggest that both the nature of specific mutations, as well as the developmental context (ie, stage of hematopoietic differentiation) can play a role in creating leukemiainitiating cells.
While the origins of L-ICs in myeloid leukemia have been described in many reports, the biology of similar cells in lymphoid leukemia is less clear. Analyses of primary human specimens has shown that a small subpopulation of phenotypically distinct cells can drive the in vitro and in vivo growth of B-cell acute lymphoblastic leukemia (B-ALL) populations, thus suggesting that some form of L-IC may be relevant to lymphoid disease. [6] [7] [8] [9] However, it is not possible to retrospectively determine the origin of candidate L-IC in human specimens, and given the heterogeneity found between patient specimens, equally difficult to define the role of specific mutations in disease progression. Thus, it remains an open question whether human B-ALL arises from relatively primitive populations or more differentiated progenitor cells. In the present study we describe a murine model in which expression of human BCR/ABL together with the p19 ARF -null manipulation differentially highlights the contribution of genetic and developmental factors in acute lymphoblastic leukemia.
Clinically, the BCR/ABL translocation lies at the heart of chronic myelogenous leukemia (CML) and is thought to be the first and only mutation required to induce chronic disease. Untreated, CML patients will inevitably acquire additional genetic alterations and progress to either a myeloid or lymphoid blast crisis stage. 10 Among the most common secondary mutations found in lymphoid blast crisis is del(9p21), which encompasses the p16 INK4A /p19 ARF locus. Homozygous deletion of exon 2 at the p16 INK4A /p19 ARF locus is found in approximately 50% of BCR/ABL-mediated lymphoid blast crisis specimens, [11] [12] [13] implicating dysfunction of this locus in lymphoid leukemogenesis. The overlapping p16 INK4A /p19 ARF locus encodes 2 tumor suppressors, p16 INK4A and p14 ARF (p19 in mouse), which are the negative regulators for Rb-mediated cell cycle progression and MDM2-regulated p53 degradation, respectively. Deletion or mutations within this gene locus have been frequently found in many human cancers, including both solid tumors and hematological malignancies. [14] [15] [16] [17] The 2 genes share exons 2 and 3 but have their own unique promoter and first exon (exon1␣ for Ink4a and exon 1␤ for p19 ARF ). Thus, deletion of exon 2 abolishes expression of both proteins. In vitro, transformation of precursor B cells by v-abl was shown to be greatly facilitated by null mutations at the p16 INK4A /p19 ARF locus; further studies associated this activity specifically with loss-of-function mutations involving the p19 ARF gene. [18] [19] [20] The aforementioned studies suggest that the gene products of this tumor suppressor locus, especially p19 ARF , might be crucial for normal lymphocyte development. Indeed, the p16 INK4A /p19 ARF -null (exons 2 and 3) and p19 ARF -null (exon 1␤) mice develop aggressive lymphoproliferative diseases, among many other types of tumors seen in the adult mice. 16, 17 Based on the frequency of p16 INK4A /p19 ARF mutations in CML-associated lymphoid blast crisis, we reasoned that expression of the p210 BCR/ABL protein product of the 9;22 human translocation together with loss-of-function at the murine p16 INK4A /p19 ARF locus could be genetically sufficient to initiate B-ALL. This concept was recently validated in studies using murine precursor B-cell cultures as targets of transformation, wherein p19 ARF loss enhances oncogenicity of BCR/ABL-induced B-ALL. 21 In addition, studies have shown that expression of p185 BCR/ABL in a p19 ARF -deficient background is genetically sufficient to induce the formation of fully transformed leukemia stem cells. 22 In our experiments, expression of p210 BCR/ABL and loss of p16 INK4A /p19 ARF function was also shown to be sufficient to promote murine B-ALL. We further demonstrate that these specific mutations can induce malignant transformation at multiple stages of B-lineage differentiation. Remarkably, p210 B-ALLs originating from primitive versus committed progenitor populations have distinct biological phenotypes, including in vivo and in vitro growth characteristics, developmental outcomes, transcriptional profiles, and sensitivity to known leukemia drugs. Thus, we propose that both genetics and differentiation status can influence pathogenesis and in vivo biology of leukemias harboring specific mutations.
Methods

Mice
C57Bl/6 p16 INK4A /p19 ARF -null (⌬ exon 2,3, strain number 01XB1) and p19 ARF -null(⌬ exon 1␤, strain number 01XG7) mice were obtained from the National Cancer Institute (NCI; Frederick, MD) and bred at the University of Rochester under specific pathogen-free conditions. Female wild-type C57BL/6-Ly-5.1 mice (6-8 weeks of age) were purchased directly from the NCI or The Jackson Laboratory (Bar Harbor, ME). All animal studies were approved by the University of Rochester Committee on Animal Resources.
Plasmid and virus production
The MSCV-BCR/ABL-IRES-GFP vector was kindly provided by Dr Richard Van Etten. Viral plasmid DNA was isolated using the Maxi-Prep plasmid purification Kit (QIAGEN, Valencia, CA). At 24 to 48 hours prior to transfection, Phoenix-Eco packaging cells (ATCC, Manassas, VA) were seeded at 2 to 3 ϫ 10 5 cells per 35-mm plate. When cell density reached 80% to approximately 90% confluence, 10 g of retroviral plasmid DNA was tranfected using 5 L lipofectamine 2000 (Invitrogen, Carlsbad, CA) per 35-mm plate. Five hours after transfection, the lipofectamine reagent was removed and replaced with 2 mL fresh culture medium (DMEM, 10% fetal bovine serum). The culture medium was harvested 24 hours later and centrifuged at 3000 rpm for 10 minutes to remove cells and debris. The supernatant was carefully collected without disturbing the cell pellet and stored in aliquots at Ϫ80 degrees centigrade.
Generation of murine models
Six-to eight-week-old healthy donor mice (wild-type C57BL6/J, p16 INK4A / p19 ARF -null or p19 ARF -null) were killed and marrow was flushed from femurs and tibiae. Single-cell suspension were incubated with NH 4 Cl solution for red blood cell lysis and depleted of lineage positive cells (Lin ϩ ) using the Becton Dickinson (BD, San Jose, CA.) IMag immunoaffinity system per manufacturer's instruction. For the experiments in Figures 1 and  2 , Lin Ϫ cells were plated in dishes coated with retronectin (Takara, Shiga, Japan) and cultured overnight at 37°C and 5% CO2 (vol/vol) in IMDM containing 1% fetal bovine serum (FBS), 1% bovine serum albumin (BSA), 50% X-Vivo, stem cell factor (SCF; (25 ng/mL), Flt3 ligand (25 ng/mL), interleukin-3 (IL-3; 10 ng/mL), and IL-6 (10 ng/mL). The next day, cells were subjected to retroviral transduction and transplantation as described previously. 5 Briefly, 50% of the culture media was replaced with viral supernatant twice a day for consecutive 2 days. The cells were then harvested and injected into the lateral tail vein of sublethally irradiated (6 Gy from a Rad Source 2000 X-ray irradiator [Alpharetta, GA]) female C57BL6/J recipient mice at a dose of 1 to 2 ϫ 10 6 cells per mouse. For the experiments in Figures 3 to 7 , specific bone marrow subsets were flow cytometrically sorted (FACSAria, BD) based on the expression of surface marker profiles: HSC (Lin Ϫ , c-Kit ϩ , Sca1 ϩ) , CLP (Lin Ϫ , c-Kit ϩ , Sca1 low , AA4.1 ϩ , CD127 ϩ ), pro-B (B220 low , CD43 ϩ , c-Kit ϩ , CD2 Ϫ , IgM Ϫ) , and pre-B (B220 low , CD43 Ϫ , c-Kit Ϫ , CD2 ϩ , IgM Ϫ ). The lymphoid progenitors (CLP, pro-B and pre-B) were incubated in IMDM containing 10% FBS, ␤-mercaptoethanol (55 M), SCF (25 ng/mL) and IL-7 (10 ng/mL) while purified stem cells (HSCs) were cultured in the same medium as described for Lin Ϫ cells. Transplantations were performed using 10 4 to 10 5 cells per recipient. Recipients were evaluated daily for signs of morbidity, as indicated by hunched posture, roughened coat, abnormal weight loss, and inactivity after transplantation. Beginning at 10 to 14 days after transplantation, peripheral blood was sampled every 5 to 7 days. Total leukocyte count was obtained using the HESKA CBC-Diff System, and the blood smears were made and stained with the 3-Step Stain Set (Richard-Allan Scientific; Thermo-Fisher, Waltham, MA) to visualize the morphology of recipient For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From leukocytes by light microscopy. To analyze the lineage of the engrafted cells (EGFP ϩ ), leukocytes from the recipients' blood were labeled with antibodies to lineage makers Gr-1, Mac1, B220, and CD19 (BD) for flow cytometric analysis (LSRII; BD). At advanced stages of disease, mice were killed and bone marrow, spleen, and blood were collected for phenotypic analyses and further applications. All the flow cytometric data were analyzed using FlowJo software (TreeStar, Ashland, OR).
In vitro colony-forming assays
The indicated cell populations were plated in methylcellulose medium (StemCell Technologies, Vancouver, BC; M3134) supplemented with 15% FBS, 20% BIT (BSA, insulin, transferrin; StemCell Technologies), ␤-mercaptoethanol (55 M), SCF (50 ng/mL), Flt3L (50 ng/mL), IL-3 (10 ng/ mL), IL-6 (10 ng/mL), and IL-7 (10 ng/mL). Cultures were incubated at 37°C and 5% CO 2 (vol/vol) for 10 to 14 days before scoring colonies (60 or more cells/colony).
Southern blot analysis
Genomic DNA from spleen was digested with EcoRI, separated by electrophoresis on 0.8% agarose Tris-acetate-EDTA gels and transferred onto GeneScreen Plus membranes (Perkin Elmer, Waltham, MA). Blots were sequentially hybridized with [ 32 P]-labeled probes for enhanced green fluorescent protein (EGFP), using the entire EGFP coding sequence from a pEGFPC2 plasmid (Clontech Laboratories, Mountain View, CA). The blots were washed at high stringency, and hybridization was detected after exposure on Molecular Dynamics Phosphor Screens using a Storm 860
Imaging System scanner and ImageQuant software (Molecular Dynamics, Piscataway, NJ).
Reverse-transcriptase polymerase chain reaction (RT-PCR)
EGFP ϩ B-ALL (B220 ϩ , CD19 ϩ , IgM Ϫ ) cells (10 6 ) from recipients' bone marrow were sorted and lysed in 0.8 mL Trizol reagent (Invitrogen) for total RNA extraction per manufacturer's instructions. Total RNA was resuspended in RNase/DNase-free water followed by DNase I (Invitrogen) treatment. DNase I-treated RNA (0.5-1 g) was used for first-strand cDNA synthesis by SuperScript II RT (Invitrogen) following the manufacturer's protocol. 
Quantitative real-time PCR
The primer sets used for real-time PCR analysis were: mHPRT sense: GTTGGATACAGGCCAGACTTTGTTG; mHPRT antisense: GAGGG-TAGGCTGGCCTATAGGCT; mRag2 sense: GAGATGTCCCTGAAC-CCAGA; mRag2 antisense: AACATGGGGTAGGCAGTCAG; mTdT sense: ATGCGAGCGTCCTCTGTACT; mTdT antisense: CAGCTGTCT TCAGTCCCACA; sterile kappa sense TCCACGCATGCTTG-GAGAGGGGGTT; sterile kappa antisense: GTCCTGATCAGTCCAACT-GTTCAG; mPax5 sense: GTCATCGGTGAGCACCGACTC; and mPax5 antisense: GAAGCCATGGCTGAATACTC.
Each reaction mixture contained 1 L cDNA template (diluted 1:10), 7.5 L SYBR Green SuperMix (Bio-Rad), 5.75 L water, and 250 nM of each primer. Real-time PCR was carried out using an iCycler IQ (Bio-Rad, Hercules, CA).
Drug treatment and apoptosis assays
EGFP-positive B-ALL (B220 ϩ , CD19 ϩ , IgM Ϫ ) cells were flow sorted and expanded in vitro at 37°C and 5% CO2 (vol/vol) in IMDM containing 10% FBS, and ␤-mercaptoethanol (55 M) for 2 to 3 weeks. For drug treatments, 10 6 cells per milliliter of B-ALL cells were incubated with various concentrations of dexamethasone or imatinib mesylate as indicated in Figure 7 for 48 hours (IMDM, 10% fetal bovine serum, 55 M ␤-mercaptoethanol). For apoptosis analysis, cells were washed with cold phosphate-buffered saline (PBS) and resuspended in 200 L annexin binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ). Annexin V-PE (BD Pharmingen) and 0.25 g/ mL 7-aminoactinomycin D (7-AAD; Molecular Probes, Eugene, OR) were added, and the tubes were incubated at room temperature in the dark for 15 minutes. Cells were then diluted with 200 L annexin binding buffer and analyzed immediately by flow cytometry.
Results
Loss of the p16 INK4A /p19 ARF locus and expression of p210BCR/ABL in hematopoietic cells induces B-ALL in mice
To recapitulate clinically observed features of human lymphoid blast crisis and to test whether loss of p16 INK4A /p19 ARF contributes to CML progressing from chronic phase to blast crisis stage, we coexpressed p210BCR/ABL and green fluorescent protein (EGFP) in adult bone marrow (BM) cells from wild-type C57BL/6, p16 INK4A /p19 ARF -null (exons 2 and 3), or p19 ARF -null (exon1␤) mice via retroviral mediated gene transfer. We then transplanted the cells into sublethally irradiated wild-type C57BL/6 mice as primary recipients to evaluate disease outcome. Transduced EGFP ϩ cells were detected in the peripheral circulation as early as 10 to 12 days after transplantation, and by 18 to 30 days after transplantation, recipient mice had elevated white blood cell counts and signs of advanced disease (hunched posture, roughened coat, anorexia, and inactivity). Wild-type cells transduced with the BCR/ABL retrovirus gave rise to a CML-like myeloproliferative disease ( Figure 1A ), as has frequently been reported by previous studies. 23 In contrast, expression of BCR/ABL in the p16 INK4A /p19 ARFnull or p19 ARF -null background resulted in predominantly B-cell engraftment (EGFP ϩ , B220 ϩ , CD19 ϩ ; Figure 1B ). No discernable differences were evidenced between the phenotype or kinetics of disease arising from p16 INK4A /p19 ARF -null versus p19 ARF -null donor cells. The recipient animals developed a classic leukemia, wherein there was moderate splenomegaly and occasional hepatomegaly, in the setting of striking bone marrow infiltration and high levels of circulating mononuclear cells. These EGFP ϩ mononuclear cells were found in bone marrow, spleen, and peripheral blood, with a prominent population of B lymphocytes expressing a phenotype consistent with precursor B cells (B220 lo , IgM neg , AA4.1 ϩ , CD19 ϩ ) (Figure 2A ,B center column). In contrast, EGFP Ϫ cells in the same recipients (Figure 2A ,B right-hand column) showed relatively normal lineage profiles, as compared with naive control mice (Figure 2A ,B left-hand column). These data indicate that expression of BCR/ABL in bone marrow cells from p16 INK4A / p19 ARF -null mice induced lymphoid leukemia that clinically and phenotypically recapitulates typical features of lymphoid blast crisis in human. In addition, mutation of p19 ARF alone, with intact p16 INK4A , is also able to induce BCR/ABL-mediated blast crisis, a finding consistent with previous reports (data not shown). 21, 22 Distinct onset kinetics and clonal patterns of B-ALL derived from p19 ARF -null and wild-type pro-B cells
Although expression of p210-BCR/ABL is most commonly associated with CML, some patients present with p210-BCR/ABLpositive acute B-lymphocytic leukemia (B-ALL). 24 In murine models of CML, transduction with a p210-BCR/ABL retrovirus causes an increased incidence of B-ALL in mice where conditioning regimens likely to deplete donor lymphoid progenitors (such as 5-fluorouracil treatment) are omitted. 25 These findings suggested 
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in some cases, BCR/ABL transformation of lymphoid progenitors, rather than an HSC or myeloid progenitor, might promote B-ALL, not the more common CML.
To better define the cellular origins of the disease, we employed flow cytometric sorting to purify pro-B cells (B220 lo , cKit ϩ , CD43 ϩ , sIgM Ϫ ) from both wild-type and p19 ARF -null marrow as targets for genetic manipulation using BCR/ABL-mediated transformation. During the course of 3 independent experiments, 4 of 12 recipient mice that received transplants of p210-BCR/ABLexpressing wild-type pro-B cells developed B-ALL between 40 to 70 days after transplantation ( Figure 3A dashed line) . Notably, of the 8 remaining recipients, 4 were killed between day 30 and day 55 after transplantation due to complications unrelated to BCR/ABL-induced illness (ie, anemia or infection arising as a consequence of the transplant conditioning regimen: 600 rads total body radiation). At day 17 and day 25, 2 more recipients died but did not appear to have leukemia, since the heterogeneous population of EGFP ϩ bone marrow cell failed to engraft disease in secondary recipients or establish in vitro cultures. Finally, 2 animals remained healthy and contained approximately 1% EGFP ϩ leukocytes in the periphery up to day 155 after transplantation (data not shown). In contrast, all recipients receiving p210-BCR/ABLexpressing pro-B cells from the p19 ARF deficient background (n ϭ 10, from 3 independent experiments) developed B-ALL within 28 days after transplantation ( Figure 3A solid line) and readily established in vitro cultures of EGFP ϩ lymphoblasts (not shown).
From the peripheral blood screening, we also found that the B-ALL recipients from wild-type and p19 ARF -null pro-B origin differed with respect to the percentage of EGFP ϩ leukocytes; between 10 to 14 days after transplantation, p19 ARF -null pro-B recipients had a steady increase in EGFP ϩ cells until they succumbed to disease ( Figure 3B solid lines, open symbols) . In contrast, wild-type pro-B recipients displayed an initial elevation of EGFP ϩ cells between 10 to 20 days after injection, followed by a transient regression lasting 1 to 2 months. These animals then progressed to more aggressive disease, manifested by a rapid increase in EGFP ϩ cells, and a clinical decline necessitating euthanasia ( Figure 3B dashed lines, closed symbols) . In addition, in contrast to the very consistent surface antigen phenotype observed in leukemias arising in p19 ARF -null pro-B recipients (IgM Ϫ , B220 ϩ , CD19 ϩ , AA4.1 ϩ ), we observed immunophenotypic variations in expression of AA4.1 and B220 among the wild-type pro-B-derived B-ALL samples (data not shown). These results indicate that additional genetic alterations may be required for leukemogenesis in animals harboring p210-BCR/ABL-expressing wild-type pro-B cells. In contrast, the rapidly fatal disease in mice harboring p19 ARF -null pro-B cells with p210-BCR/ABL suggests that these 2 mutations are genetically sufficient to induce B-cell malignancy.
To further investigate this hypothesis, we looked at the clonality of EGFP ϩ splenocytes by Southern blot analysis of genomic DNA isolated from mice with wild-type or p19 ARF -null derived B-ALL. Using an EGFP probe to assay for proviral integration, we found that B-ALL specimens derived from wild-type pro-B cells consistently displayed a single-band integration pattern ( Figure 3C lanes   7-10) , while specimens from p19 ARF -null B-ALL samples had multiple bands consistent with oligo-or polyclonal integration patterns ( Figure 3C lanes 1-6, and SF1, lanes 1-10) . Together with the observed differences in disease kinetics and phenotype of disease in the recipient animals, these data support the notion that wild-type pro-B cells transduced with BCR/ABL accumulate secondary mutation(s) before acquiring competence to mediate acute B-ALL, whereas lesions combining BCR/ABL expression and p19 ARF deficiency are sufficient for leukemic transformation of relatively differentiated B-lymphoid targets. control (B,D) . Significance was determined with Student paired, 1-tailed t test (****P Ͻ .001; ***P Ͻ .005).
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Defining the developmental stages of B-ALL-initiating events
Studies of p210-BCR/ABL in myeloid leukemia models have demonstrated that the mutation is oncogenic only when expressed in the HSC fraction (lin neg /c-kit ϩ /Sca1 ϩ ), but not in highly purified later stage progenitors. 3, 5 However, if BCR/ABL is coexpressed with a second facilitating oncogenic event, such as Nup98/HoxA9, committed myeloid progenitors can then be successfully transformed. Thus, BCR/ABLmediated transformation in myeloid leukemia is a function of both the cellular context and additional cooperating mutations. To investigate the potential origins/targets of B-ALL, we performed p210-BCR/ABL retrovirus transduction experiments on enriched populations of stem cells and different lymphoid progenitor populations. Common lymphoid progenitors (CLPs) were prospectively identified as c-kit ϩ /AA4.1 ϩ / CD127 ϩ /lin neg populations, pro-B cells as IgM neg /CD43 ϩ /CD2 neg / B220 lo subsets, distinct from B220 lo /IgM neg /CD43 neg /CD2 ϩ pre-B-cell subsets in wild-type versus p19 ARF deficient murine bone marrow. Within 30 days, expression of p210 BCR/ABL in CLP, pro-B and pre-B cells from mutant mice reproducibly generated B-ALL, unlike wild-type cells, which, at all stages only showed delayed and incomplete transformation. These experiments demonstrated that, during B-lymphoid differentiation, several functionally and phenotypically distinct stages of progenitor populations are rendered competent to serve as L-IC in the absence of p19 ARF function ( Figure 4A,B) . Notably, mutant HSCs also gave rise to B-ALL, but, in addition, showed a prevalent myeloid hyperproliferation, similar to the CML-like phenotype observed in the wild-type background ( Figure 4A ).
Since HSC-transplanted mice showed expansion of cells representing distinct hematopoietic lineages ( Figure 4B , CML-like myeloid cells as well as 5%-15% lymphoblasts), we further characterized the bilineage leukemia in the experiment outlined in Figure 4B ,C. Three distinct transduced subpopulations, B220 ϩ /CD19 ϩ precursor-B, Lin neg primitive cells, and Mac-1 ϩ /Gr-1 ϩ /Ter119 ϩ myeloid fractions were sorted from the bone marrow of p19 ARF -null BCR/ABL ϩ primary recipients and transplanted into secondary recipients. Despite the absence of p19 ARF and in accord with findings from BCR/ABL transduction of wild-type cells, mature myeloid cells (fraction II) did not induce disease in recipient mice. In contrast, lymphoid lineage cells (fraction I) transmitted B-ALL to the recipients in a characteristically short period of time (2 to 6 weeks, depending on inoculum), confirming the presence of B-ALL leukemia-initiating activity in this population. Intriguingly, mice receiving the more primitive EGFP ϩ fraction (fraction III) reprised bi-lineage engraftment, with a more chronic myeloid component, suggesting that a small number of transformed HSCs retained multilineage potential (data not shown). This final cohort of mice, recipients of fraction III, developed CML-like disease similar to that observed in the p210-BCR/ABL-transduced wild-type HSCs. Taken together, these data demonstrate that p19 ARF loss-of-function mutations allow committed, relatively differentiated precursor B-cell populations, but not myeloid populations from the same animals, to function as leukemia-initiating cells.
Distinct phenotype of B-ALL arising from p19 ARF -null HSC and pro-B cells
Based on the data above, we hypothesized that B-ALL arising from different p210 BCR/ABL p19 ARF -null developmental stages (ie, HSC vs CLP vs pro-B, etc) may possess distinct biological properties. We reproducibly observed that a small fraction (1%-5%) of HSC-derived BCR/ABL ϩ p19 ARF -null lymphocytes could mature to the IgM ϩ stage; consistently 3-to 4-fold more than that observed in mice harboring sorted pro-B populations with the same genotype ( Figure 5A boxed), suggesting differences may exist in the overall differentiation potential of these 2 leukemias. Indeed, analysis of precursor B-cell fractions expressing a B220 low CD43 ϩ phenotype shows marked heterogeneity of BP-1 and CD24 surface antigen density on the pro-B cell populations that is quite distinct when compared with HSC-derived cell populations ( Figure S2 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Finally, analysis of circulating or bone marrow-derived blast populations (EGFP ϩ , IgM neg , B220 ϩ , CD19 ϩ ) showed that B-ALL cells arising from HSC had reproducibly higher expression of the integrin VLA-5/CD49e ( Figure 5B ) than cells derived from the purified pro-B stage. The interaction of CD49e and its ligand has been implicated in bone marrow microenvironmental interactions that modulate leukemia cell response to extrinsic signals. 26, 27 Bone marrow B-lymphoid differentiation is directed by wellcharacterized patterns of gene transcription linked to lineage commitment, cellular function, and the hierarchical assembly of B-lymphoid receptor components. 28 To further characterize the BCR/ABL ϩ p19 ARF -null leukemias derived from the HSC versus the more differentiated pro-B cell fractions, Q-PCR was used to compare expression profiles of genes that are regulated during B-cell differentiation. Notably, the expression profiles of terminal deoxy transferase (TdT), sterile kappa, and pax-5/BSAP were consistently different between the 2 forms of B-ALL ( Figure 5C , 3 independent experiments). In addition, for 2 of 3 experiments and recombinase activating gene (rag)-2 also differed ( Figure 5C ). Since precursor B-cell differentiation is characterized by distinct and interacting transcriptional programs, the differences in transcription profiles between HSC-and pro-B-derived ALL raised the possibility of functional differences between these cell populations.
To probe for such biological differences, we purified EGFP ϩ , IgM neg , B220 ϩ , CD19 ϩ cells from primary recipients with HSCversus pro-B-derived p19 ARF deficient B-ALL and performed in vitro colony forming assays. Leukemic specimens derived from BCR/ABL-transduced p19 ARF -null HSCs showed an approximately 3-fold higher frequency of colony-forming cells (CFUs) than equivalent populations derived from pro-B cells ( Figure 6A ). We also observed that the colonies derived from HSC-derived B-ALL were generally smaller than those from pro-B cells ( Figure  6B ), suggesting that, while CFU potential was greater in the HSC fraction, colony expansion is more vigorous in the pro-B-derived fraction. Further analysis of clonal potential was performed by isolating single cells from HSC versus pro-B-derived leukemias and analyzing colony outgrowth in the absence of cytokine supplementation. Under these conditions, the frequency of clones was again higher for HSC-than pro-B-derived B-ALL singlesorted into U-bottom 96-well plates ( Figure 6C ) and pro-B-derived clones were again readily distinguishable from the smaller BCR/ ABL-transduced HSC colonies (data not shown). These observations are consistent with the notion that the developmental progression of lymphoblastic leukemia progenitor cells may differ as a function of the originating cell type.
EGFP ϩ bulk cultures expand aggressively in cultures plated from the peripheral blood, spleen, or bone marrow populations derived from p210 BCR/ABL B-ALL p19 ARF -null animals; these cells do not require stromal cell or cytokine support (data not shown). We tested the in vivo growth potential of both HSC-and pro-B cell-derived B-ALL cells by injecting samples of each population into secondary recipient mice. Whether inoculated directly from euthanized primary recipients, or from established in vitro cultures, all such experiments led to clinically evident disease in recipient mice (data not shown). Reproducibly, however, mice that received cells from pro-B-derived B-ALL succumbed earlier than those with B-ALL from HSCs ( Figure 6D ), indicating that leukemias derived from the pro-B-cell fraction behave more aggressively in vivo. Limiting dilution analysis of pro-B versus HSC-derived BCR/ABL ϩ p19 ARF -null leukemia-initiating activity in vivo supported this observation, in that roughly 1 in 350 cells transferred fatal disease, whereas more than twice that number were necessary for a similar mortality in HSC-derived B-ALL.
Finally, we compared the responses of HSC-versus pro-B-derived B-ALL to clinically relevant drugs by analyzing the in vitro survival and progenitor expansion (CFU) potential after challenge with either the corticosteroid dexamethasone (Dex) or the Abl kinase inhibitor imatinib mesylate (IM). As shown in Figure 7 (panels A and C), suspension cultures of the respective B-ALL types display differential sensitivity to the 2 drugs. HSC-derived B-ALL is relatively sensitive to Dex but somewhat more resistant to IM; whereas pro-B-derived B-ALL shows the opposite behavior. After drug treatment, cells from each suspension culture were plated in methylcellulose media to assay for CFU potential ( Figure 7B,D) . Consistent with the data observed for suspension cultures, the 2 forms of B-ALL show differential responses to Dex, with HSC-derived disease displaying greater sensitivity. CFU potential after IM challenge was similar for HSC-versus pro-B-derived B-ALL, with a high degree of drug sensitivity observed for both tumor types. Taken together, these results confirm and extend the finding that p19 ARF deficient HSC-derived versus pro-B-derived disease arising in the same genetic background possesses multiple distinct biological features.
Discussion
The findings reported here establish several important parameters with regard to the pathogenesis of p210 BCR/ABL-mediated B-ALL. First, using the experimental system described herein, we find that p210 BCR/ABL expression and loss of p19 ARF function are sufficient to mediate full transformation to B-ALL in mice. These experimental results are entirely consistent with the work of Williams et al, wherein expression of p185 BCR/ABL in p19 ARFnull B-lymphoid cells was shown to be genetically sufficient to induce B-ALL in vivo. 21, 22 The rapidly fatal lymphoblastic leukemia evolving in these experimental animals is particularly informative, given the prevalence of this genotype in the poor prognosis precursor B-cell leukemias known as human CML lymphoid blast crisis. 10 A harbinger of the aggressive clinical behavior and short latency of p19 ARF -null BCR/ABL lymphoblastic leukemias can be found in observations published a decade ago, wherein cells harboring the p19 ARF -null mutation expand almost immediately, bypassing the typical period of culture "crisis" expected in v-abl-transformed wild-type precursor B-lymphoid cell lines. 18 Our second observation of importance is that a second, highly specific mutagenic event is closely linked to the evolution of acute lymphoblastic leukemia not only from hematopoietic stem cells, but also from B-cell precursors undergoing the highly ordered and strictly regulated B-lymphoid differentiation program. As predicted by a substantial body of literature, we observed that leukemia arising as a consequence of p210 BCR/ABL expression alone in p19 ARFϩ/ϩ (ie, wild-type) control animals was almost exclusively myeloid, and disease evolved from cells representing only the earliest stage of hematopoiesis. 29 Coexisting null mutations of p19 ARF did not change the oncogenic spectrum of BCR/ABL in committed myeloid progenitor populations. In contrast, in mice harboring an p19 ARF -null mutation, BCR/ABLmediated lymphoblastic leukemia arose not only from HSCs, but also evolved readily from common lymphoid progenitor (CLP) as well as the relatively differentiated pro-B-and pre-B-cell populations. Within 2 to 4 weeks, highly purified populations representing distinct developmental stages (HSCs, CLP, pro-B and pre-B cells) but harboring identical leukemogenic mutations gave rise to fully transformed primary populations and readily transferred aggressive leukemia to secondary recipients, confirming the pathogenic nature of the p19 ARF -null, BCR/ABL genotype.
Lymphoid precursor populations are highly proliferative; normal B-precursor populations undergo iterative bursts of transcriptional and cell cycle activity during assembly of immunoglobulin receptor components and in response to microenvironmental signals. Despite these proliferative and genetic events, lymphoblastic leukemia represents only a small subset of the life-threatening transformation to acute leukemia observed in patients with CML. Our data show that the tumorsuppressor properties encoded by the p19 ARF gene locus, a key regulator of p53-dependent cellular response, is required for the prevention of lymphoblastic evolution at multiple developmental stages during p210 BCR/ABL B-cell differentiation. In this light, our data are extremely informative regarding B-lymphopoiesis in CML patients, by elucidating the remarkable spectrum of vulnerability in this pre-leukemic compartment. Given these observations, and the similarity of developmental programs shared by T lymphocytes, it is perhaps not surprising that emerging data implicate p14 ARF function in T leukemogenesis as well. 30, 31 Finally, our experimental model and initial observations allowed us to ask important questions regarding the contribution of developmental origin to disease pathogenesis in vivo. Clearly, the stage at which the 2 mutations (BCR/ABL translocation and p19 ARF deficiency) occur during differentiation could have a significant influence on the biological properties of the resulting tumor. Although B-lymphoid differentiation is a dynamic process involving multiple developmental transitions, populations representative of specific B-lymphoid differentiation stages and functional responses in vitro are readily distinguishable. Using some of these canonical profiles and functional assays, we probed for differences between leukemic populations of p19 ARF -null, BCR/ABL ALL derived from transformation of HSC populations versus lineagecommitted pro-B-cell populations. Notably, HSC-and pro-Bderived p19 ARF -null, BCR/ABL leukemias could be distinguished by immunophenotype, the transcriptional activity of critical genes, and in vitro assay responses. Most importantly, we demonstrated that p19 ARF -null BCR/ABL leukemias from developmentally distinct populations have differential drug sensitivity.
If B-ALL arising from double-mutant HSC versus pro-B cells demonstrates multiple phenotypic and functional differences, including differential drug responses, these observations support the notion that independent human B-ALLs arising from identical genetic changes could display variable clinical features (ie, drug responsiveness) as a function of the cell of origin. The underlying reason for the differences we detected in HSC versus pro-Bderived B-ALL are as yet unknown, but it is attractive to speculate that changes in epigenetic status could modulate the changes observed in tumor biology. Indeed, upon differentiation from the HSCs to pro-B stage, a complex set of gene regulatory changes must occur, wherein signals associated with levels of transcriptional activity, concurrence of transcription programs, and competition for critical factors all influence B-lymphoid differentiation. If such changes carry through to the malignant state induced by BCR/ABL expression and loss of p19 ARF function, it is possible they could represent a fundamental difference among tumor cells arising from these distinct developmental stages. The appreciation of such considerations is highly important as the use of epigenetic For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From modifying agents to influence therapeutic responses in cancer therapy becomes an increasingly common strategy.
These observations provide a clear illustration of the critical importance of underlying genetic and developmental programs on the manifestation of oncogenic mutations and their impact on the malignant transformation process. These reflect both the epigenetic status of the target cell and epistatic effects between the transforming oncogene(s) and other differentiation-specific cellular factors. While a thorough understanding of these complex interactions is beyond our current capabilities, it is evident that their elucidation at the genomic level, both in terms of epigenomics and of global gene expression changes, may be critical for strategies aimed at preventing oncogenic progression/transformation and for developing optimal targeted therapies.
